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FOREWORD

The research in this document was intended to contribute to deter-
mining the feasibility of predicting the conditions under which wind/turbu-
lence environments hazardous to aviation operations exist. Aeronautical
Research Associates of Princeton has developed a computer model for
solving for the velocity, temperature, and turbulence distributions in the
atmospheric boundary layer. The model is based on using invariant modeling
for closure of the dynamic equations of the ensemble-averaged, single-point,
second~order correlations of the fluctuating velocities and temperature. In
this study, the model is used to predict a consistent set of wind and turbulence
profiles which may have existed at the time of select accidents. The set of
accidents was chosen from the National Transportation Safety Board aircraft
accident data bank because wind shear and/or turbulence appeared to be a
contributing factor. It is believed that the set of wind shear conditions pre-
sented herein should be valuable for tuture flight simulator studies.

This research was conducted by the Aeronautical Research Associates
of Princeton for the National Aeronautics and Space Administration, George
C. Marshall Space Flight Center, Huntsville, Alabama, under the technical
direction of Mr, Dennis W. Camp and Mrs. Margaret B. Alexander of the
Space Sciences Laboratory. The support for this work was provided by
Mr. William McGowan of the Aviation Safety Technology Branch, Office of
Aeronautics and Space Technology (ROO/OAST), NASA Headquarters.
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coriolis function, 2 w sin ¢ ~vsec~l
gravitational constant ~9.81 m/sec?
indicated airspeed ~m/sec
propertionally constant

local standard time ~hrs : minutes
millibars of pressure

pressure ~millibars

turbulence velocity ~m/sec

radial position, positive outwards ~vm
time ~sec

temperature A°C
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variance of forward velocity ~m/sec
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variance of lateral velocity ~m/sec
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variance of vertical velocity ~m/sec
horizontal position, positive forwards ~wm
horizontal position, positive left ~m
vertical position, positive upwards ~wm
stream function am2/sec

macroscale of turbulence ~vm

density ~kg/m3

virtual potential temperature referenced to 300°C
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1. SUMMARY AND RECOMMENDATIONS

Bircraft encounter of severe wind shear or turbulence at low
altitudes 1s a major safety hazard. Flight experience and past
theoretical studies indicate that these conditions are most likely
to ccecur in the viecinility of thunderstorms, fronts, thermal winds
or topographical irregularities.

In this study, A.R.A.P. estimates the severity of wind shear
and turbulence present at the time of certain aircraft accidents
when the weather or topographical conditions possibly fell into
one of the above mentioned categories. Selection of the ensemble of
aircraft accidents was discussed in Ref. 1. The results of the
present A.R.A.P. study provide a sample catalogue of weather con-
ditions which have proved hazardous for aircraft operations. The
model results predict detailed profiles of wind magnitude, direc-
tion, and ensemble-averaged turbulent fluctuations for the lowest
500 m altitude in each case. These model profiles are made avail-
able, herein, for further flight simulation studies.

The unigue tool A.R.A.P. has used 1n accomplishing this task
1s a sophisticated computer model for solving the velocity, Tem-
perature, and turbulence distributions ln the atmospheric boundary
layer. This model is based on using invariant modeling for
closure of the dynamic equations of the ensemble-averaged, single-
point, second-order correlations of the fluctuating velocities and
temperature, This approach to furbulent modeling has been under
development at A.R.A.P. for several years (Refs. 2-9).

The boundary conditions needed for each case are obfained
using National Weather Service (NWS) data and airport surface
weather observations.

In a previous study (Ref. 1) A.R.A.P. has estimated the
gseverity of wind shear and turbulence as a function of the meteoro-
logically significant parameters; surface roughness, surface
heating, geostrophic accelerations, atmospheric stabllity and
thermal winds. The emphasls in this study is shifted from para-
metric varlations to several specific examples of weather conditions
conducive to hazardous flight.

Model results of the development of a typical thunderstorm
gust front are presented in Section 4. The model appears to give
a good representation of the physical dynamics associated with a
loecal downdraft. Simulated trajJectories flown through these medel
results demonstrate the types of problems that pilots could have
encountered in four specific aceldents. Future study should inves-
tigate the sensitivity of the wind magnitude, fluectuations, and
gradlents as a functlon of the input boundary conditions., Prelim-
lnary results indicate the most Iimportant variables to be the
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temperature decrement and the altitude from which the downdraft
originates. Surface roughness and veloeity of the storm cell may
also be expected to have a strong influesnce on the winds close to
the surface. By varying these boundary conditions it should be
possible to determine what input conditions lead €o the sharpest
gradients across the gust front and the strongest downdrafts close
to the surface.

A reasonable representation of accident scenarios involving
either cold or warm fronts 1s presented in Section 3, using the one-
dimensional version of A.R.A.P.'s boundary layer model. We believe
that a better representation of windshear assoclated with front
passage could be obtained using our two-dimensional version of the
model. However, this must await a future study.

Three of the accidents A.R.A.P. has studied, as well as some
aceidents previously studied by others (Ref. 10) appear to involve
the mountain lee wave. Technical constraints on the numerical
model have prevented A.R.A.P. from fully utilizing the model to
study this type of micrometecrology in the current contract.
However, work currently funded by the Naval Alr Systems Command
will give us the capability in the near future of including terrain
features in our boundary conditions for the two-dimensional model.
One of the important parameters governing the behavior of the moun-
tain lee wave is the Froude number based on the mean wind component
perpendicular to the mountain ridge, the static stability of the atmos-
pheric boundary layer, and the heipght of the mountain ridge. When
this Froude number is large the boundary layer flow will separate
at or near the top of the ridge, leaving a separated wake for some
distance downwind. In contrast to this, when the Froude number is
less than approximately one, the flow can remain attached to the
lee slope to form a strong down-slope wind, which subsequently
separates in an intense "hydraulic jump" type phenomenon, We believe
our A.R.A.P. model should be used to better understand this
phenomenon and determine those conditions which are most likely to
prove hazardous to aircraft operations.



2. MODEL FORMULATION

2.1 BACKGROUND

As part of the previous study done by A.R.A.P., National Transpor-
tatlon Safety Board (NTSB) aircraft accident data were reviewed to
obtain representative cases where wind shear or turbulence caused,
or was a factor, in the accident. Cases were selected representing
weather conditions which are most likely to proeduce high values of
wind shear (thunderstorms, fronts, thermal winds, and lee waves).

The purpose of this study is to develop a flowfield model for
each of the accidents which is consistent with measurements made
near the time of the accident. These models can then be used to
evaluate the role wind shear and turbulence played in the accident
through pilloted simulation studies. The flowfield models developed
In the present study have the advantage of being more consistent
models than those presently used in simulation studies, i.e., they
satisfy mass, momentum and energy conservation relations for the
turbulent fluctuations as well as for the mean flow variables,

For most of the cases investigated, the flowfield in the
Vieinity of the accident is a function of synoptic scale variations
and is modeled using input data from the 850 mb charts, surface
charts and radiosonde measurements. Exceptions are the gust front
(thunderstorm) cases where the dominant meteorological phenomenon
is of smaller scale. For gust fronts, model technique is, there-
fore, different and will be discussed near the end of this section.

2.2 GENERAL TECHNIQUE USED FOR MODELING AIRPORT MICROMETEOROLOGY

A.R.A.P. has developed a partilial differential equation
computer model of the velocity, temperature, and turhulence dis-
tributions 1n the atmospheric boundary layer (Ref. 1). The computer
model requires the specification of; 1) the initial values of the
above dlstributions, 2) the boundary conditions at the surface and
above the boundary layer, and 3) pressure gradient and heating rate
foreing functions. These inputs are calculated based on NWS data as
described below.

The data used are:

North American Surface Charts before and after accident
North American 850 mb Charts before and after accident
Nearest radiosonde sounding before and after accident
Airport surface weather observations at time of accident

The geostrophic veloelty near 1500 m and at the surface are
obtained from the gradient of the isobars on the 850 charts, and
surface charts respectively.
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The thermal wind parameter —& is obtained from the gradient of

the isotherms on the 850 mb 4Rart.
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The geostrophic velocity profile is then
BUg ( k
U (z) = U F o 2 - 2

If this profile does not match the value of U (z = 0) from
the surface chart, the gradient 23U _/3z must not b& constant. It
should then be altered to accord wifh other observations, such as
the presence of a cold front. The resulting geostrophic velocity
profile is used to set the upper boundary condition on velocity and
the pressure gradient forcing function. This process is repeated
using the charts after the accident. The velocity boundary
condition and the pressure gradient are then assumed to vary in a
plecewise linear fashion in time.

The initial temperature and velority profiles and the upper
boundary condition on temperature are cbtained from the radiosonde
measurements.

Since no attempt has been made in this study to model radia-
tive heating, the temperature equation is forced by a heating rate
function which accounts for both radiaticen and advection. The
heating rate preofile is determined by the difference between the
temperature profiles measured before and after fhe accident. These
temperature profiles are also used to set the upper atmospheric
stability level and ground temperature.

The remaining inputs required for this model are the initial
scale and turbulence profiles. The resulting velocity, turbulence,
and scale profiles even after only one hour simulated time are
quite insensitive to the initial scale and turbulence profiles

chosen. Typical profiles used are shown in figure 2.2.1.
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With these inputs specified, the computer code 1s run over most
of the 12 hour interval covered by the data. The velocity profiles
close to the accident time are examined and the set chosen which is in
best agreement with surface wind observations and, where available,
wind profiles derived from flight recorder data.

Tt should be clear that neither the input boundary conditions
nor flight recorder data of the observed winds are sufficiently
precise for these case studies to be interpreted as verification
tests of the model predictions. What the model results do provide
1s a physically consistent set of wind and turbulence profiles
which may have existed at the time of the accident.

2.3 Thunderstorm Gust Front Model

As a result of a separate contract with the Nuclear Regulatory
Commission for modeling the wind and turbulence field in a tornado,
we have developed an axisymmetric version of our program for com-
puting flow in the atmospheric boundary layer. Except for the
geometry effects the modeling is identical to that described in
Ref. 4 and Ref. 1. No new model constants or coefficients are
required. The model incorporates the influence of density vari-
ations on both the mean flow and the turbulent fluctuations through
the Boussinesq density approximation. Validation of our turbulent
closure for a number of different cases of this type flow is given
in Ref. 7.

We idealize the cold outflow from the thunderstorm as a cold
Jjet impinging perpendicularliy on the ground. The prime variables
are the temperature defect of the jet, its diameter and the height
at which it is released. Other variables needed to determine the
flow are the surface roughness and the larger scale updraft within
which the downdraft is imbedded. More specifically the boundary
conditions which must be specified are; the surface roughness and
temperature of the ground surface, and the stream function, vor-
ticity, temperature, and turbulence at both the top of the domain
and the outer radius of the domailn.

The temperature defect of the cold downdraft is caused by
evaporation of falling rain by relatively dry air at some altitude.
For our simulations, herein, we have set this temperature defect
at what we believe to be a typical value for a strong downdraft,
10°C. The velocity of the cold jet at the top of the domain has
been set at a somewhat arbitrary value of 10 m/sec. Two values of
the cold jet diameter, 500 m and 2 km, have been simulated. In
each case, the top of the domaln was set at 1600 m. The conver-
gence velocity at large radius was set at 2.5 m/sec. The tur-
bulence 1s taken as 1sotropic 'and small at large R and a zero



slope condition is used at large =z . Surface roughness is set
at 0.1 m.

The flow problem is initialized by taking the boundary values
of vorticity and temperature at the top of the domain and extra-
polating them linearly to zero value at the surface. The turbu-
lence 1s initialized as isotropic with a scale equal to the smaller
of 0.65 z or 100 m.

Flgures 2.3.1 - 2.3.19 present the results of a radial gust
front calculation where the spread of the incoming downdraft is
2 km. A good way (short of a motion picture) of followlng the
structure of the developing gust 1s to observe the movement of a
fixed temperature contour, in this case (figure 2.3.1) T = -2°C
4t t = 0 the initial linear profile is shown, but by t = 200 sec
that structure has developed into the moving front. At
t = 340 sec the front has torn away from the downdraft region. In
contlnuing times the strength of the gust decreases as the effect
of the area change becomes more important. Nevertheless, the height
of the gust appears to grow slowly so that by © = 1000 sec , the
T = -2° 1line reaches nearly 1 km in altitude at a distance of
nearly 8 km from the source centerline. The front is still quite
strong at this point. Complete contour profiles for T at t = 200,
500, and 1000 sec are shown in figures 2.3.2 - 2.3.4. The low tem-
perature in the gust front region is eroded as the run proceeds,
even as the front itself enlarges in altitude. The accompanying
profiles at the same times as figures 2.3.2 - 2.3.4 for the stream-
funetion VY , radial wvelocity U , vertical velocity W , vertical
energy component w'w' and turbulence scale A are shown in figures
2.3.5 - 2.3.19,

The streamfunction VY , figures 2.3.5 - 2.3.7, begins as a
downdraft cell contained by the inflow stagnation flow at large =.
Arrowheads have been added to enhance flow visualization. By & =
500 see a distinctive cell structure has developed near the front.
This structure persists at t = 1000 sec as the front moves across
our computational domain toward the right boundary.

The radial velocity U , in flgures 2.3.8 - 2.3.10 shows a line
of demarcation between flows away from and toward the axis lying
between 600 m - 1 km. Its maximum value is about 24 m/sec near the
surface. At the two later times this line has dropped closer to
the surface (about 300 m) with mass continuity then permitting the
maximum wvelocity to remain nearly constant. Arrows 1ndicate
the flow direction. The vertical velocity W in figures 2.3.11 -
2.3.13 shows the very strong downdraft near the centerline.
Although we are foreing an inflow of 10 m/sec, the simulation
determines a downward jet of over 18 m/sec throughout most of the
run. Secondary up- and down-drafts ngar the gust front develop in
the later stages of the run.
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Figure 2.3.5.

Normalized stream function contours as a function of z and R for an axisymmetric

gust front with a 2000 m radius downdraft at ¢t
explanation of notation.]

= 200 sec. [See figure 2.3.2 for
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Figure 2.3.6. As above but t = 500 sec. [See figure 2.3.2 for explanation of notation.]
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[See figure 2.3.2 for explanation of notation.]
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